Abstract-A novel scalable low-profile omnidirectional antenna that can be integrated underneath a solar panel is presented. The topology alleviates the effect of solar panel to the antenna while achieving a monopole-like radiation performance above a ground plane. A 72 72 11.5 mm 3 solar antenna 3-D structure operating around 2.4 GHz demonstrates the potential of the presented configuration for the implementation of autonomous integrated wireless sensors nodes.
I. INTRODUCTION

W
IRELESS sensor networks (WSNs) are composed of a large number of sensor nodes densely deployed within a given area. Each of these sensors nodes has the capability of processing data and transmitting only the required information across the network [1] . These architectures provide better network reliability and easier deployment than traditional tethered sensor systems. The ease of deployment allows the implementation of cheap and pervasive networks that can impact a range of applications from medical monitoring, target/hazard detection, to industrial/automotive control [2] - [4] . Existing deployments include climate monitoring in botanical gardens and structural monitoring of bridges [5] , [6] , and applications such as forest fire detection, wireless building security systems, and smart roads may be available in the years to come [7] - [9] .
Node reliability is a major challenge for WSN quality of service that could drastically increase the cost of maintenance after deployment [10] . Node malfunction can be caused by energy shortage, mechanical failure, sensor relocation, etc. To eliminate issues due to energy shortage, power harvesting mechanisms have been introduced to support the power consumption of every individual node [11] . Currently, solar panels harvest the largest reported amount of energy per area in outdoor environments, and many designs have integrated them with sensor nodes' power management system [12] currently used in the majority of WSN nodes because of their simplicity and quasi-isotropic radiation. However, monopoles positioned perpendicularly to the ground are highly susceptible to mechanical damages such as being rolled over by a car or run over by an animal [13] . Such an event leads to wireless link failure of the node. This type of failure is currently reduced by deploying wireless sensor nodes in locations where cars or animals cannot move on top of them or extreme environmental conditions cannot displace them. Nevertheless, to realize truly ubiquitous and easy-to-deploy WSNs, it is necessary to come up with a rugged antenna that offers structural durability and omnidirectional communication features. This antenna needs to be fully compatible with the solar panels that supply the sensors' power while featuring a similar radiation performance to a monopole near grounding or shielding conductive planes. Several authors have investigated designs and methods of integrating solar cells with antennas [14] - [17] . However, most of them are intended for ground-to-air satellite applications where most of the radiation is directed toward the zenith of antennas [14] - [16] . A study in [17] indicated that typical solar panels behave as imperfect conductors in the RF frequency range. Due to power circuitry connecting several solar cells together, a solar panel becomes similar to a large RF ground that can potentially block or interfere with the transmitted RF signals of neighboring/underlying radiating elements.
Although numerous low-profile omnidirectional antennas have been introduced in the literature, such as the annular slot antenna (ASA) [18] and the monopolar patch [19] - [21] , there has been no report on any integration with solar panels. An ASA, when placed underneath a solar panel, may have its radiation pattern distorted by a solar cell's power lines intersecting the slot because such a configuration is similar to placing a short circuit across the slot [22] , [23] . Henze [17] introduced an omnidirectional solar antenna design by using an antenna topology similar to a monopolar patch as well as an ASA. However, the location of the power line intersecting the radiating solar cell was not addressed.
In terms of design scalability, both ASA and monopolar patch are frequency-dependent; their integration with different sizes of solar panels at different operating frequencies is a unique, specific design challenge of its own. Wu [24] introduced a method of generating an omnidirectional pattern by cutting multiple slots on the surface of a ground plane, placing solar cells at the nonslot region, and connecting the cells without crossing those slots. However, such a design requires dicing and placing several small solar panels around the slots, increasing the fabrication cost. An antenna topology that can coexist with an arbitrary solar panel size is desirable for reducing both the cost of the device as well as the cost of the integration. In this letter, a low-profile scalable topology that allows integration of an arbitrary-sized solar panel with an omnidirectional antenna is presented. The two major advantages of this typology are that it minimizes the effect of a solar cell on the antenna, and it is planar with nothing protruding the surface contrary to monopole radiators, thus being easy to analyze and package. As a proof of concept and without loss of generality, an antenna prototype hosting a 6 6 cm solar panel is designed for 2.4-GHz applications. The radiation performance of the antenna above a finite ground plane is studied to demonstrate its radiation similarity with a standard monopole.
II. ANTENNA DESIGN AND MEASUREMENT
A. Design
The proposed four-layer integrated solar cell-antenna stackup is shown in Figs. 1 and 2 . It consists of a three-layer 62-mil FR4 board ( , ) and an air cavity supported by 1-cm-thick foam ( ). The air cavity provides a low-loss medium for the RF signal line and the higher thickness needed. The top metal layer represents the solar panel. The second layer consists of a larger-area RF ground plane that aims at isolating the solar cell from the underlying RF signal layers and providing radiating slot openings cut on all four sides. The solar panel is separated from the RF ground layer so that the dc bias of the RF transceiver input/output is stable at various energy harvesting conditions. The third layer carries the RF signal to be coupled and radiated through the slots. The stackup is backed up by a bottom (layer 4) solid copper ground plane. To provide a better ground isolation and eliminate the parallel plate mode in the structure, copper tape is applied around the board to connect the RF ground to the bottom copper plane forming a cavity of four slot openings. Fig. 3 gives the top view of the RF ground plane and the RF signal pattern in layers 2 and 3 of the FR4 board. Layers 1 and 4 are not shown due to their simplicity. Layer 1 is one Fig. 3 . RF signal and ground layer of the design. piece of solar cell placed in the center. Since the design isolates the effect of layer 1 of the antenna, it can have any shape or dimension as long as it does not intersect/overlap with a slot on layer 2. The design dimensions of our preliminary prototype operating around 2.4 GHz are listed in Table I . To host a 60 60 mm solar panel, an overall board dimension of 72 72 mm is chosen. Ideally, a smaller board dimension of 66 66 mm can be used without overlapping the 3-mm slot width, , on each side, but additional space is added to leave room for fabrication error.
The RF power is divided equally among each of the four radiating slots that are located symmetrically across the center of the design. The four lines that branch out to feed the slots have 50-intrinsic impedance for mm. Two of them are combined into a 25-line, which then combine at the center of the structure for a total intrinsic impedance of 12.5 . By connecting the center to a 25-quarter-wave impedance transformer, the other end of the impedance transformer is converted back to 50 and fed by a standard SMA. High-impedance lines are not used because they are too narrow for accurate fabrication. This feeding network allows the slots to be fed with same phase and power.
Slot is chosen as the radiator because the electric fields generated are vertical to any ground underneath the structure. In image theory, vertically polarized electric field is less affected by the ground reflection in comparison to horizontally polarized ones. Most wired antennas have poor performance when placed near and parallel to a ground plane because the ground image effectively cancels their horizontally polarized electric field. Each slot is excited by a T-shaped stub fed from the center. Since the slot is located at the edge of the RF ground plane, it is difficult to terminate the feed line in a microstrip stub mode when no ground plane is present on the other side of the slot. The T-shaped stub does not need the signal line to propagate in microstrip mode after crossing the slot, thus it is desired for this design. The presence of the T-stub also makes the slot length, , shorter than a half-wavelength with respect to the overall effective dielectric constant. Similar stub feeding can be found on some wideband slot antennas in the literature [25] , [26] . The presented slot radiators are not wideband compared to the designs in literature because the proposed slots are narrower due to cavity height and the copper walls in the cavity eliminating blade-monopole-like ground resonances in the presented design. Other slot and feeding designs can also be considered to further improve the bandwidth.
The symmetrically placed slots dictate the radiation pattern of the antenna. Since each slot is fed in phase, the symmetry allows the four slots to launch a combined wavefront toward all four directions along the plane at the same time. Thus, the radiation pattern is close to omnidirectional.
The fabricated solar antenna prototype is shown in Fig. 4 , with an overall size of 72 72 11.5 mm . A solar panel of 60 60 mm is placed at the center of the structure without affecting the edge radiating elements. This means that 69% of the surface area is utilized by the solar cell. The dc power can reach inside the cavity with minimal RF interference by wiring along the cavity wall. This design can be easily scaled up to fit larger solar panels in order to provide more power to the wireless sensor node as long as the substrate loss is low enough for the feeding network to be effective.
B. Simulation and Measurement
The antenna is simulated and tuned using CST Microstripes 2010 in free-space conditions. The solar cell is modeled as a 60 60 mm copper plate, and it has little effect on the performance due to the presence of the 72 72 mm RF ground plane. For the measurement, the antenna radiation and is measured with and without the presence of a 50-cm-diameter ground plane in SATIMO's anechoic chamber as shown in Fig. 5 . The measured and simulated in Fig. 6 shows good agreement between the predicted and measured result. The lower measured frequency can be caused by the batch of FR4 having higher than anticipated in the simulation.
The radiation pattern at 2380 MHz with and without a finite ground plane is shown in Fig. 7 . The measurement results demonstrate that the antenna features an omnidirectional behavior comparable to a standard monopole [27] even in the presence of a ground plane. The measured gain is 0 dB in free-space condition and 4.4 dB above the ground plane. The measured ra- diation efficiency is 49% in free space and 52% with the ground plane at the operating frequency. The loss is mainly due to the dielectric loss of FR4 in the feeding network and the stub termination. Simulated efficiency improved from 50% to 99% when the FR4 loss is set to zero. The use of low-loss substrate between the RF signal and ground can significantly improve the radiation efficiency.
III. CONCLUSION
A scalable low-profile omnidirectional antenna capable of integrating with a solar panel is presented. The antenna performance is comparable to a monopole antenna currently used in wireless sensor nodes. The antenna size can be easily modified to suit various solar panel sizes based on a sensor's power requirement. This work can enable self-sustainable ubiquitous sensors to be placed in "rugged" environments, such as roads, railways, rooftops, and vehicles.
